AMP-PNP, followed by cross-linking and electron microscopic analysis, were compared with a biochemical binding analysis by equilibrium dialysis, omitting the cross-linking step (Fig. 2) . The comparison showed that glutaraldehyde cross-linking under the conditions used in this study measures the occurrence of GroEL:GroES and GroEL:(GroES)2 particles reliably.
ugation and GroES binding to the rhodanese:GroEL complex in the supernatant fraction was measured as in Fig. 2C . Control reactions lacking rhodanese contained an equivalent concentration of guanidinium chloride. 30. It was shown that GroEL can be cross-linked to a folding intermediate of ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO I) and two GroES oligomers, suggesting that substrate polypeptide binds to the outer surface of GroEL (15) . Such cross-linking, detected by polyacrylamide electrophoresis in tube gels, may indeed have occurred during the extensive incubation of the protein mixture (60 min) with high concentrations of glutaraldehyde at 37°C (15) . It may be important in this context that RuBisCO I, after dilution from denaturant, aggregates slowly and is potentially available for cross-linking for long periods of time (26) . In the present study, GroEL:(GroES)2 complexes were not observed in the presence of unfolded proteins with mild glutaraldehyde crosslinking (21) and electron microscopy. 31. Studies describing the formation of GroEL:(GroES)2 particles used reaction buffers containing 15 to 50 mM Mg2+ at pH 7.5 to 8.0 (15, 19, 20) . The free Mg2+ concentration in the cell is only 1 to 2 mM (32) at a total concentration of 10 to 20 mM. At 20 mM free Mg2+ and pH 7.5 (15) and in the presence of AMP-PNP, -30 to 50% of GroEL bound two GroES oligomers, as measured by size-exclusion chromatography. At 50 mM
Mg2+ and pH 8.0 (20) , close to 100% of GroEL bound two GroES oligomers (Figs. 2 and 3). 32. T. Alatossava, H. Jutte, A. Kuhn, E. Kellenberger, J. Bacteriol. 162, 413(1985) . 33. A. Bremer, C. Henn, A. Engel, W. Baumeister, U. Aebi, Ultramicroscopy 46, 85 (1992 The chaperonins mediate protein folding in the cell by preventing the formation of unproductive associations within and between nonnative polypeptides (1) (2) (3) . GroEL, the chaperonin in E. coli cytosol, is a large oligomeric complex composed of two stacked heptameric rings of identical -58-kD subunits that form a central cavity (4, 5) . Stud- ies indicate that GroEL binds one molecule of substrate protein within this cavity in a conformation resembling the molten globule (3, 4, (6) (7) (8) . Folding is achieved through cycles of protein release and rebinding that are dependent on ATP hydrolysis (3, 9) and regulated by GroES, a single heptameric ring of --10-kD subunits (3, (10) (11) (12) . Asymmetrical binding of GroES to one end of the GroEL cylinder has been proposed to be a key feature of the reaction, leaving the cavity of one toroid available for the association of substrate protein (4) . GroES binding is nucleotide-dependent and is thought to exert a negative cooperative effect, preventing the association of a second GroES oligomer with the opposite GroEL toroid (4, 13) . GroES increases the cooperativity of the GroEL adenosine triphosphatase (ATPase) (12, (14) (15) (16) and, after ATP hydrolysis, stabilizes the seven interacting GroEL subunits in the adenosine diphosphate (ADP)-bound state (15) . As a result, the GroEL ATPase is inhibited by 50% (10) . GroES dissociates after ATP hydrolysis in the uninhibited GroEL toroid (15, 17) ; its association (or reassociation) with a substrate:GroEL complex results in ATP-dependent protein release for folding. Recently, the electron microscopic observation of symmetrical GroEL:(GroES)2 complexes (18) (19) (20) (21) . The kinetic properties of the GroEL-GroES interaction were compared under various conditions. Either GroEL or GroES was functionally immobilized to the sensor surface of the flow cell. Efficient complex formation occurred in the presence of adenine nucleotide and MgZ+ ( Fig. 1) (Fig. 1, A 
and B).
The dissociation rate constant, kd, was -5
which is consistent with the stability of the GroEL:ADP:GroES complex determined in free solution (16, 17) . In contrast, the complex formed in the presence of ATP dissociated rapidly when ATP-containing buffer was continued after the association phase (Fig. 1B) (13, (18) (19) (20) . The GroEL: ADP:GroES complex was first generated by binding GroEL to immobilized GroES. Subsequently, the ADP-and GroEL-containing buffer was exchanged by injecting ATP-containing buffer into the flow cell of the SPR apparatus (Fig. ID) (13) (Fig. 1E) . Consistent with this observation, injecting free GroES together with ATP during dissociation increased the fast rate of GroEL release only moderately (Fig. IF) (3, 15, 40) ]. Final concentrations of denaturants as in (B). indicates injection time. (B) GroEL was bound to immobilized GroES as in (A) (Fig. 2C ). In the presence of GroES, ATP hydrolysis by GroEL is highly cooperative at the level of the heptameric rings (12, 14, 16 (4) was first bound to GroEL in the presence of ADP, it was not exchangeable from the complex by an excess of unlabeled GroES, as determined by size-exclusion chromatography (Fig. 3A) . In contrast, when denatured rhodanese was added,
[3H]GroES was efficiently exchanged and fractionated as the free protein (Fig. 3C) .
Addition of denaturant alone, carried over with the unfolded rhodanese, was without detectable effect ( Fig. 3B) (8, 13) .
The rate for the substrate-induced dissociation of GroEL:GroES was measured by SPR. Unfolded rhodanese was injected into a flow cell containing immobilized GroES in a complex with ADP-bound GroEL.
About 60% of GroEL was released at an initial rate comparable to that measured in the presence of ATP (Fig. 4A) . Incomplete release may be explained by rebinding of the GroEL:ADP:rhodanese complex to GroES (15) . In contrast, GroEL remained bound to GroES when an equivalent concentration of denaturant or native rhodanese was injected. The simultaneous exposure of GroEL:ADP:GroES to unfolded rhodanese and ATP resulted in the complete dissociation of GroEL from GroES at a rate of approximately 0.1 s-1 (t1/2,~7 s), about three times the rate of dissociation in the presence of ATP alone (Fig. 4B ). More rapid dissociation was apparent only on injection of the Mg2+ chelator (CDTA) cyclohexane diamine tetraacetic acid, which most likely results in the removal of the tightly bound nucleotide that stabilizes the GroEL:GroES complex (Fig. 4A) .
We propose that binding of unfolded polypeptide accelerates the dissociation of 840 the GroEL:GroES complex by (i) stimulating ATP hydrolysis in the non-GroESbound toroid of GroEL (Fig. 2C , from 4 to 5) and (ii) facilitating the release of tightly bound ADP from the GroES-bound toroid in a manner independent of ATP hydrolysis (Fig. 2C , from 3 to 2b) (15) . A continuous stimulation of the GroEL ATPase by both chemically denatured (3) and permanently unfolded polypeptide substrates (3, 4, 12) has been described. Interaction with substrate would thus serve to reset the GroELGroES reaction cycle, allowing the binding ( 
